Right ventricular pacing alters left ventricular synchrony and loading conditions, each of which may independently influence left ventricular relaxation. Addition of a properly timed atrial contraction by using sequentialatrioventricular (AV)pacingminimizes changes in left ventricular loading conditions, but ventricular asynchrony persists. To separate the effects of altered loading from those of asynchrony, the effects of right ventricular pacing and sequential AV pacing on the rate ofisovolumic pressure decline (relaxation time constant), myocardial (segment) lengthening rate and chamber (minor axis dimension) filling rate were examined. In 12 open chest anesthetized dogs, left ventricular pressure (micromanometer) and either left ventricular free wall segment length transients (n = 6) or minor axis dimension transients (n =6) were measured during right atrial, right ventricular and sequential AV pacing; length and dimension were measured using ultrasonic crystals.
Right ventricular pacing alters left ventricular synchrony and loading conditions, each of which may independently influence left ventricular relaxation. Addition of a properly timed atrial contraction by using sequentialatrioventricular (AV)pacingminimizes changes in left ventricular loading conditions, but ventricular asynchrony persists. To separate the effects of altered loading from those of asynchrony, the effects of right ventricular pacing and sequential AV pacing on the rate ofisovolumic pressure decline (relaxation time constant), myocardial (segment) lengthening rate and chamber (minor axis dimension) filling rate were examined. In 12 open chest anesthetized dogs, left ventricular pressure (micromanometer) and either left ventricular free wall segment length transients (n = 6) or minor axis dimension transients (n =6) were measured during right atrial, right ventricular and sequential AV pacing; length and dimension were measured using ultrasonic crystals.
Compared with right atrial pacing, right ventricular During ventricular pacing, a wave of activation spreads away from the pacing site and creates an array of temporally dispersed sequences of contraction and relaxation. This results in a complex interaction among fibers, with contracting segments in one area influencing force and length in others. Because temporal inhomogeneities are said to influence the rate of myocardial relaxation (l,2), we hypothesized that significant declines. Thus, pacing-induced left ventricular asynchrony caused a decrease in the global and regional indexes of left ventricular relaxation rate that is not closely related to left ventricular loading conditions or shortening.
(J Am Coli CardioI1987; 10:702-9) pacing-induced left ventricular asynchrony might influence the rates of left ventricular isovolumic pressure decline and early diastolic filling. Thus, our goal was to define the effects of right ventricular pacing on the left ventricular relaxation time constant (an index of isovolumic relaxation rate), the early diastolic peak fiber-lengthening rate and the rate of increase of chamber dimension (indexes of auxotonic relaxation or filling rate).
Ventricular pacing also causes a change in left ventricular loading conditions and, thus, its effect on relaxation and filling rate could be due to an alteration in the synchrony of contraction-relaxation or changes in preload or afterload, or both (3) (4) (5) (6) (7) . When atrial contraction is present and properly sequenced with ventricular contraction (as in sequential atrioventricular [AV] pacing), loading conditions are only minimally affected, while the altered activation sequence persists (8) . Accordingly, we used sequential AV pacing to study the effect of asynchrony on left ventricular isovolumic relaxation and filling.
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Methods P = A + Be n'. (2) where A. B and a are regression coefficients obtained from a nonlinear regression analysis of left ventricular pressure (P) versus time (t) (BMDP 3R, nonlinear regression, BMDP Statistical Software, Inc.). The baseline pressure was not assumed to be zero. but was one of three regression coefficie nts (see Appendix). The time constant of relaxation (T OI ) was calculated from the equation:
Segment length and chamber diameter measurements. In six experiments, ultrasonic segment length crystals were placed approximately 10 mrn apart and were inserted to a midwall depth of the left ventricular myocardium; the crystals were aligned perpendicular to the long axis of the left ventricle in the distribution of the left anterior descending coronary artery (about midway between apex and base). ln six other experiments, endocardial minor-axis dimension crystals (placed in an anteroposterior position) were used. All measurements were made at arrested end-expiration. Segment length and chamber diameter measurements were made at end-diastole and end-systole, and fractional shortening was calculated from these data. Peak segment lengthening rate 1(+ )dLldt, mm/s] and peak rate of increase in dimension I( + )dD/dt, mrn/s], derived by electronically differentiating the length or dimension signal, were taken as indexes of the peak rate of left ventricular early diastolic fi lling. These variables were normalized for differences in heart size and distance between crystals by dividing their maximal value by the end-systolic length (L) or dimension (D); the normalized variables were expressed as ( + )dLldt/L and ( + )dD/dt/D in s I . The data to be reported demonstrate that the pacing protocols produced qualitatively similar changes in the normalized and the nonnormalized values of (+)dLldt and ( +)dD/dt. Thus. the experimental results were not dependent on the normalization process itself because directional changes in these indexes and the magnitude of Experimental preparation. Twelve mongrel dogs were premedicated with morphine (2.5 mg/kg body weight) and anesthetized with pentobarbital (15 to 20 mg/kg); anesthesia was maintained by intermittent administration of morphine. The animals were ventilated to maintain an arterial partial pressure of oxygen between 80 and 150 mm Hg. After a sternotomy, the pericardium was opened, and a unipolar electrode was affixed to the right atrial appendage; a second electrode was affixed to the epicardial free wall of the right ventricle in its midportion. The sinus node was crushed and the heart was paced at a constant rate of 2 Hz. A micromanometer (Millar Mikrotip) was calibrated to mercury at 37°C and was introduced into the left ventricle from a carotid artery.
Pressure measurements. Left ventricular pressure was digitized at 5 ms intervals, beginning 10 ms after peak negative first derivative of left ventricular pressure (dP/dt) and terminating at a left ventricular pressure~10 mm Hg. This pressure was chosen because it was always higher than values for end-diastolic pressure (range 2 to 8 mm Hg). Two formulas were used to calculate the relaxation time constant. Our primary method was that originally described by Weiss et al. (7): (I) where P is left ventricular pressure, e is the base of the natural logarithm, t is time in milliseconds after peak negative dP/dt and Po and T are regression coefficients obtained from a linear regression analysis of log pressure versus time. The time constant of relaxation (T) is defined as the time required for Po (pressure at peak negative dP/dt) to decrease to the value Po/e. This method assumes that the baseline left ventricular pressure equals zero because baseline pressure is largely influenced by intrathoracic or intrapericardial pressure, both of which were atmospheric in our experimental preparation (3) .
We also used a nonlinear regression method described by Mirsky (9):
A + B -eA 
these changes were similar using both the normalized and nonnormalized data. Pacing protocols (Fig. 1 ). In each of the 12 experiments (6 using segment length, 6 using dimension crystals), two pacing protocols were used. In 'protocol I, the effects of right ventricular pacing on pressure and length transients were examined. Measurements were made during baseline right atrial pacing, after an abrupt switch to right ventricular pacing (measurements made at 15 seconds and I, 2 and 3 minutes) and again after resumption of right atrial pacing.
In protocol 2, the effects of sequential atrioventricular (AV) pacing on pressure and length transients were examined. Se9uential AV pacing was performed with a 65 ms AV delay. This value of AV delay was chosen because the hemodynamic effects of atrial contraction were preserved (no signifi cant change in left ventricular systolic or enddiastolic pressure, end-diastolic segment length or dimension), but the ventricular activation sequence was that of right ventricular pacing (wide QRS complex , left bundle branch pattern and abnormal repolarization). Baseline measurements were made during right atrial pacing, then an abrupt switch to sequential AV pacing was made. Measurements were made after 15 seconds and I, 2 and 3 minutes of sequential AV pacing and then after resumption of right atrial pacing. Thus, the effects of right ventricular and sequential AV pacing were compared using each animal as its own control. The order of the protocols was varied, and approximately 15 minutes were allowed between protocols.
Data analysis. All data are presented as mean values ± I standard error of the mean. Serial data in a given protocol were analyzed using a one-way analysisof variance and a Dunnett's test. The results of this analysis comparing right atrial pacing with pacing asynchrony (either right atrial pacing versus right ventricular pacing, or right atrial pacing versus sequential AV pacing) are shown in Figures 2 and 3. The differences between the effects of right ventricular pacing and sequential AV pacing were examined with a paired t test; differences were considered significant at p < 0.05.
Results
Isovolumic relaxation rate. The effects of right atrial, right ventricular and sequential AV pacing on indexes of isovolurnic relaxation rate are listed in Table I (steady state  3 Protocol 2. The effects of sequentialAV pacing on pressure and length transients are shown in Figure 2 ; a comparison of right ventricular pacing versus sequential AV pacing on pressure and length transients is shown in Table  2 . No significant change in systolic pressure, end-diastolic Figure 3 . Right ventricular pacing produced a decrease in fractional shortening, a decline in end-diastolic dimension (33.6 ± 1.7 mm during right atrial pacing versus 32.8 ± I. 7 mm during right ventricular pacing at 3 minutes, p < 0.05) and a significant reduction in the peak rate of increase of minor-axis dimension [(+)dD/dt/D decreased from 3.5 ± 0.1 S-I during right atrial pacing to 2.7 ± O. I s -I at 3 minutes of right ventricular pacing, p < 0.05]. These findings persisted throughout the period of right ventricular pacing.
Protocol 2. The effects of sequential AV pacing on pressure and dimension transients are shown in Figure 3 ; a comparison of the effects of right ventricularpacing versus sequential AV pacing on pressure and dimension transients is shown in Table 3 . Sequential AV pacing caused a small but significant decline in fractional shortening compared with right atrial pacing. However, as in the experiments using segment length measurements, sequential AV pacing did not cause a change in systolic pressure, end-diastolic pressure or end-diastolic dimension (33.7 ± 1.0 mm during right atrial pacing versus 33.7 ± 1.0 mm during sequential AV pacing at 3 minutes, p = NS). Peak (+ )dD/dt/D fell throughout sequential AV pacing (from 3.5 ± 0.1 during right atrial pacingto 3.0 ± O. I s -1 at 3 minutes of sequential AV pacing, p < 0.05); this reduction in ( + )dD/dt/D was less than that seen with right ventricular pacing alone. Values for (+ )dD/dt/D during right ventricular pacing were less than those for sequential AV pacing throughout the period of asynchrony.
Discussion
Effects of asynchrony on ventricular loading conditions. Left ventricular relaxation can be defined as the process by which myocardial tension and length return to their rest or end-diastolic state. Brutsaert et al. (10) reviewed the mechanisms that control relaxation , and they postulated that this process is influenced not only by loading conditions and deactivation, but also by temporal and functional inhomogeneities within the ventricle. Thus, the primary purpose of the current study was to examine the effect of an altered activation sequence (temporal inhomogeneity induced by right ventricular pacing) on isovolumic pressure *p < 0.05 RVP versus SAVP. EDD = end-diastolic dimension; peak (+ )dD/dl = nonnormalized rate of increa se in minor-axis dimension; peak ( + )dD/dtiD = normalized rate of increase in minor-axis dimension ; other abbr eviations as in Ta ble 2.
decline and early diastolic filling. Changes in isovolumic and auxotonic relaxation rates were analyzed in the context of alterations in ventricular loading conditions. Our data and those of others (3) indicate that right ventricular pacing is accompanied by a reduction in left ventricular systolic pressure. preload and shortening; myocardial contractile state. however, is not influenced by this intervention ( I I). When a properly sequenced atrial contraction is added to right ventricular pacing, an abnormal ventricular activation sequence persists (8, 12) , but left ventricular systolic pressure remains unchanged from that seen during the normally sequenced depolarization (that is, right atrial pacing). In addition, preload (end-diastolic pressure and dimension) returns to levels equal to those during right atrial pacing; other investigators (2) have also reported that left atrial pressure is maintained during sequential AV pacing. Thus. although both right ventricular and sequential AV pacing produce an altered activation sequence, sequential AV pacing minimizes changes in ventricular loading conditions.
Effects of asynchrony on ventricular relaxation. Previous studies (3) examining the effect of right ventricular pacing on the left ventricular isovolumic relaxation time constant (T) have reported that right ventricular pacing is associated with an increase in the time constant. even when it is measured at equivalent systolic pressures. In the current study, we used sequential AV pacing to study the effects of pacing-induced asynchrony at nearly equivalent loading conditions (pressure and length or dimension). We found that the relaxation time constant was equally prolonged by right ventricular pacing and sequential AV pacing, indicating that pacing-induced asynchrony slows the process of isovolumic relaxation, and that this change is not closely related to changes in loading conditions. Asynchrony also influenced the indexes of auxotonic relaxation; compared with right atrial pacing, right ventricular pacing and sequential AV pacing were associated with a decrease in the rate of segment lengthening and of increase in dimension. Some of the effect of right ventricular pacing on auxotonic relaxation appeared to be related to the changes in hemodynamic and loading conditions. Indeed, when the effects of pacing asynchrony were examined at nearly equivalent loads (that is, during sequential AV pacing), there was a less pronounced (but still statistically signifi cant) slowing of the auxotonic relaxation rate. These results, consonant with those of Bahler and Martin (2) . indicate that isovolumic and auxotonic relaxation rates may respond differently to alterations in load and synchrony. It might be that the isovolumic indexes of relaxation are more sensitive to pacinginduced changes in synchrony, and that filling indexes are more sensitive to changes in loading conditions. Contraction-relaxation sequence during pacing-induced asynchrony. Ventricular pacing produces an array of temporally dispersed contraction-relaxation sequences. with the myocardium closest to the stimulation site showing the earliest activation, tension development and shortening. These "early" fibers effectively alter preload in more distal (still inactive) myocardium, then asynchronous contractionrelaxation proceeds with one area infl uencing the shortening-lengthening in the other (or others). For example, Hood et at. (13) closely examined the behavior of segments adjacent to an epicardial pacing electrode, and found a brief early shortening followed by lengthening("systolic bulge" ) at the early stimulation site; this lengtheningoccurred during shortening of the more distal fibers, reflecting a complex interaction between multiple segments of the left ventricle. Badke et al. (II) also noted that segments distant from the pacing site showed alterations in segment length dynamics compared with those closer. Although we did not measure the time course of electrical activation during our pacing interventions, others (14) (15) (16) have found that, with right ventricular pacing, the interventricular septum is the site of breakthrough activation, with contraction-relaxation sequences proceeding from the interventricular septum to the left ventricular free wall. Our measured segment, remote from the septum, is analogous to a distal segment in the aforementioned studies.
Asynchrony resulting from pharmacologic interventions. Changes in shortening and lengthening patterns due to interactions between fibers in different regions of the left ventricle have also been demonstrated with pharmacologic interventions. Several investigators (17, 18) have shown that a myocardial segment perfused with isoproterenol begins to shorten and lengthen before the control myocardial segment; lengthening is more rapid in the isoproterenol-perfused segment. This intervention did not cause changes in global systolic performance, but global indexes of left ventricular relaxation Ithat is, peak ( -)dP/dtj were reduced. Of particular interest are the examples in the study of I1ebeck et al. (17) , which demonstrate that during segmental isoproterenol infusion. the rate of segment lengthening is markedly reduced in the control (non-isoproterenol) segment. These find ings parallel the data presented in our study (our free wall segment is analogous to the control segment in the studies of Ilebeck et al.). Thus. segments remote from the pacing site and those distant from the isoproterenol infusion show slower lengthening rates.
Asynchrony associated with clinical heart disease. Nonuniform patterns of shortening and lengthening have beendocumented in normal and diseased hearts(8. 16. 19-27) ; it has also been shown that fiber shortening may occur in one area, while lengthening proceeds in another (during the periods of isovolumic contraction and relaxation). These inhomogeneities appear to be exaggerated in chronic human disease processes such as hypertrophic cardiomyopathy (16, 24) , coronary heart disease (19,20 ,26) and artificialventricular pacing (8, 27) . Acute changes in wall motion have also been produced experimentally by coronary artery ligation (28) (29) (30) recognized that the underlying basis of nonuniform left ventricular wall motion may be primarily functional or temporal. The former is exemplified by coronary heart disease with segments of weak muscle adjacent to strong segments (asynergy), while the latter may represent merely a temporal dispersion of the contraction-relaxation sequence (asynchrony) in functionally normal myocardium (31) . Functional and temporal nonuniformities may coexist (for example, in ischemic myocardium where substantial conduction delays have been documented) (32) . Thus, it is probably an oversimplification to discuss purely functional or temporal nonuniformities in disease states.
Conclusion. Our data and those of others (8, 17, 18) indicate that left ventricular asynchrony reduces isovolumic and auxotonic relaxation rates. On the basis of these data, it is likely that temporal dispersion of the contraction-relaxation sequence is, in part, responsible for disturbed relaxation in a variety of circumstances that include coronary heart disease and hypertrophic cardiomyopathy.
